Abstract: The most common method for incorporating strong electron correlations is either to apply the Hubbard U correction on top of standard density functional theory calculations (DFT) 
Introduction
Perovskite oxides are earth-abundant, cheap ceramic materials with versatile application in industry. They can be used as ionic conductors in solid oxide fuel cells [1] [2] [3] , magnetoresistors 4, 5 , superconductors 6, 7 , sensors 8, 9 , electrocatalysts in metal-air batteries and fuel cells. [10] [11] [12] Their versatility stems from flexible structures that can be easily manipulated by means of doping. In contrast, the structural flexibility is also a shortcoming as active compositions might decay during operation.
The oxygen evolution reaction (OER) is a bottleneck in direct solar and electrocatalytic water splitting cells and rechargeable aqueous metal-air batteries. Improving the costefficiency of these devices requires development of efficient, cheap and stable oxygen evolving catalysts. A good catalyst material should fulfil three basic conditions, namely: i) the composition and structure should be stable at the conditions of interest, which we set in the U = 1.7 -1.8 V range vs. the Reversible Hydrogen Electrode (RHE), ii) it should be able to conduct electrons from the active site, and iii) it should be sufficiently active to catalyze water oxidation to oxygen. A prerequisite for tuning the structure and composition for targeted applications is to establish causal relationships between the electronic structure and fundamental material properties. The electronic structure contains all necessary information about the material, similar to the DNA in living cells. The activity of perovskite oxides for oxygen evolution/reduction has been related in past to electronic structure properties, such as the filling of the d band, 10, 12 the position of the p band center, 13,14 charge transfer energy, 15 adsorption energy of reaction intermediates etc. 16, 17 In fact, 14 different parameters were found to control the oxygen evolution/reduction activity to a smaller or greater extent. 18 Furthermore, the same study revealed that the interplay of different factors is so convoluted that it is essentially impossible to make a universal model that describes the behaviour of all studied systems. This is mainly due to strong correlation effects present in transition metal oxides that are often very intricate and hard to capture with state-of-the-art methods.
Most of the experimental results on the activity and stability of transition metal oxides are from thin film electrode studies. The focus in this work is on bulk architectures. Their advantage is that they can be used as is, i.e. without any complex mechanical or chemical processing. Bulk oxide electrodes often suffer from poor electronic conductivity, which is not the case for thin films due to presence of defects, axial strain, surface states and electric
field. An example where the conductivity changes going from bulk to thin film catalysts is LaMnO3. LaMnO3 is a bulk semiconductor, but becomes conducive to electron transport when applied as thin films or heterostructures.
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The study is carried out using Density Functional Theory (DFT) calculations. Here, we have selected a subset of perovskite oxides, ABO3, where A = La, Ca, Sr or Ba and B = Cr, Mn, Fe, Co, Ni or Cu. The reason for selecting this particular subset is in a unique feature of first-row transition metals to accommodate a variety of oxidation states, thus offering nearoptimal binding energies for different reaction intermediates. The change in the oxidation state results in relatively low reaction overpotentials. In the perfect cubic perovskite crystal,
A cation is sitting in a cage surrounded by 12 equidistant oxygen ions, while B cation is octahedrally coordinated to 6 oxygen ligands. The ideal cubic structure may be distorted depending on the size of the A and B cation. 22 Following the previous findings, we do not attempt to describe all the selected oxides with a simple universal relationship, but instead, endeavour to disentangle and understand the complex interplay between the magnetic, electronic and geometric factors and elucidate their influence on the structural stability, catalytic activity and electronic conductivity. A special emphasis is devoted to evaluating and comparing the results using state-of-the-art computational methods, such as DFT+U and hybrid calculations.
The paper is structured in the following way: first, we tabulate and discuss the main electronic, geometric and magnetic properties of selected pure oxides. Afterwards, we evaluate structural stabilities through the analysis of heats of formation, catalytic activities through computed reaction overpotentials and the electronic conductivities through the analysis of the electronic density of states (DOS). On the basis of the presented results we discuss how reliably DFT+U and hybrid calculations can be used to model perovskite oxides and other strongly correlated systems in general.
Method
For total energy calculations we used the planewave Vienna ab initio Simulation Package
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(VASP) code (version 5.3.2) with the projector augmented-wave (PAW) pseudopotentials and the PBE 24 exchange-correlation functional. We apply default pseudopotentials, except for Ca, Sr and Ba, where we use Ca_pv, Sr_sv and Ba_sv. We set the energy cutoff to 500 eV, which is 100 eV higher than the default cutoff for the most demanding, among the considered elements, O PAW pseudopotential. We used the 3x3x2 Monkhorst Pack k-point mesh for bulk hexagonal (6 formula units) and orthorhombic (4 formula units) unit cells, 6x6x6 for cubic (1 formula unit) and 4x4x4 for hexagonal (2 formula units) unit cell with face-shared octahedra. All calculations are performed as spin-polarized. We used the on-site Hubbard U correction, where U is defined as Ueff, i.e. a difference between the screened Coulomb and exchange parameter, Ueff = U -J. 25 We used three representative U values (U = 0, 3 and 5 eV) to investigate the sensitivity of the structural stability, catalytic activity and electronic conductivity on U-parameter. We compared the results against the hybrid HeydScuseria-Ernzerhof (HSE) calculations performed on top of pre-converged DFT+U results by setting PRECFOCK=Fast and TIME=0.4. 26 To reduce the computational cost the bulk lattice constants in the HSE calculations are kept fixed to the DFT+U = 5 eV values. As was recently shown, the amount of exact exchange, i.e. the mixing parameter () in the HSE functional decreases along the transition metal series, suggesting that  needs to be fitted to experimental values similarly to U in DFT+U calculations. 27 To test the sensitivity of the HSE results on , we used discrete  = 0, 0.15, 0.25 and 0.35 values. We set the range separation parameter to 0.25 Å -1 , which is in-between those for HSE03 and HSE06 XC functionals. In Table 1 , we show on the example of the OH binding energy, which often makes the potential determining step, that the influence of the range separation parameter is much smaller in comparison to that of  (vide supra). 29 The potentials at which Fe and Cr start to dissolve are found to be approximately 0.7 V at pH = 7. 29 At U = 1.7 V vs. RHE relevant for oxygen evolution, the electrochemical stability is considerably overestimated because it is calculated against the oxide phases, instead of the more stable dissolved species in solution. Notable, Fe might not fully dissolve, but instead form an inert layer that will passivate the surface. 30 The reason why we use oxide references is because LaFeO3 and LaCrO3 can be employed in high temperature electrolysis/fuel cells, where there is no metal ion dissolution.
The expression for calculating heats of formation depends on the valence of A and B cations. If A is a trivalent ion, formation energy is calculated as:
for di-(Cu), tri-(Cr and Fe) and tetravalent (Mn, Co and Ni) B cations. Symbol 'f/O' in the subscript designates that formation energy is calculated from relevant oxide phases and not from constituent elements A, B and O2, which is assumed under conventional definition of formation energy. If A is a divalent (Ca, Sr or Ba) ion, formation energy reads:
for tri-and tetravalent B cations.
We make a conjecture for the doped catalysts that the crystal structure does not change within the investigated dopant concentration (x < 0.25); i.e. LaB1-xB'xO3, where B' is the dopant atom, has the same crystal structure as its terminal member LaBO3. The free energy is computed from the energy calculated with DFT extrapolated to T = 0 K. We take the entropy of oxides to be zero and include the entropy term only in G(O2). DFT notoriously overestimates the oxygen binding energy. 31 To get accurate heats of formations in eqs. (1), (3) and (4) 
Results and Discussion

Pristine oxides
We start the analysis by discussing geometric (crystal structure, Goldschmidt tolerance factor), magnetic (types of magnetism and spin ordering) and electronic (electron conduction type, eg electron count, the U correction) properties of the selected oxides. As we shall see, these properties are not independent but coupled. Table 1 contains a summary of data computed in this work and taken from literature regarding the most important properties of the selected perovskite oxides. For each column, we explain the data in detail and discuss their implications.
The conduction type is denoted in column 2 (in the case of a semiconductor, the value for the band-gap is given in brackets). There are various approaches to determine the size of the band-gap from optical absorption spectra, which is the main reason why values in the literature differ by approximately 10 -20%. 34 We find that the size of the band-gap reduces in the first-row transition metal series because the large charge on the nucleus shifts the metal 3d orbitals down. The downshift in turn enhances the hybridization of the O 2p and metal 3d states resulting in broadening of the band-width and a concomitant decrease of the band gap. 35 Noticeably, Mn is the only point that sticks out from the general band-width trend.
The third column shows the preferred crystal structure. We discriminate among five different crystal structures: cubic, tetragonal, orthorhombic and two types of hexagonal, with corner-and face-shared octahedra (cf. Figure 1 ). The tetragonal and orthorhombic cells are derived from the cubic cell by applying axial strain in one or two crystal directions, respectively. Face-shared octahedra form one dimensional chains as in e.g. BaCoO3. Another important geometric parameter not listed in Table 2 is the metal-oxygen-metal (M-O-M) bond angle. In cubic structures, the angle is 180° and for all the other structures it is < 180°. The angle depends on the degree of tilting of the BO6 octahedrons and arises as a result of axial stress produced by the incommensurate A and B cation sizes and/or JahnTeller (JT) distortions. A good example where this effect comes into play is a class of lanthanide nickelates. 37 Column 5 contains values for the Goldschmidt tolerance factor. For t≈1, the structure is cubic, if t < 1, the oxide crystallizes either in the tetragonal, orthorhombic or corner-shared hexagonal unit cell, and if t > 1, the structure is often hexagonal with face-shared octahedra. 38 Many structures with Ba at the A site are with faceshared octahedra (cf. Figure 1 ), due to a large Ba 2+ cation size. According to crystal field theory, d orbitals of an octahedrally coordinated ion are split into a doublet (eg) and a triplet We deduce the eg filling parameter from the ion's valence and spin ordering. The eg filling and ion valence are listed in the last two columns in Table 2 . The eg value has previously been used as an activity descriptor for the oxygen evolution/reduction activity. 10, 76 We find that partial filling of the eg orbital can also describe electronic conductivity to a certain extent. Having eg = 1 is a necessary, but not a sufficient condition for ensuring electron transport. For instance, Mn 3+ with nominal eg count of 1 is a nonconductive species, which is supported by the presence of JT distortions. 27, 77 In contrast, there are no JT distortions for Ni 3+ owing to a delocalized nature of its eg electron.
The hybridization is not only determined by the eg filling, but also strongly influenced by the M-O-M bond angle. All the cubic systems with eg = 1 and straight M-O-M bond angles are electronically conductive. The interplay between the bond angle and eg filling is a good example of a cooperative effect between an electronic and geometric factor; which again underscores the complexity of these oxides. Figure 3 ).
As seen in Figure 3 , formation energies change even more drastically in the investigated  = 0 -0.35 range than they change with U when ≠ . In the = case, the results are independent of  and similar to those in DFT+U calculations. An equally strong dependence of formation energies on  as on U suggests that  should be fitted, e.g. to reaction enthalpies, similarly as U in DFT + U calculations. The necessity for adjusting  brings into discussion whether standard HSE calculations should always be used as robust benchmarks.
Figure 3 Calculated heats of formation with HSE at three different mixing parameters (). O3 in the oxide formulas on x-axis is omitted for clarity.
Although it is not possible to discuss stability in absolute terms using results in Figure 2 and 3, some general trends can still be inferred, e. 93, 94 La is likely the best choice for A element, because 1) it does not form carbonates, 2) La perovskites, in particular LaCoO3 and LaNiO3 seem to be stable catalysts and 3) the chances for charge transfer are much smaller when cation B is in the +3 oxidation state.
Activity
Here, we compute the OER activities using the computational hydrogen electrode (CHE) method for the subset of La perovskites. 32 The difference between the O and OH binding free energies was shown to be a good descriptor for the oxygen evolution activity. 17 Herein, the reaction overpotentials are derived by calculating adsorption free energies of all different reaction intermediates (not only O and OH) and identifying the step with the highest thermochemical free energy barrier. We examine four different reaction mechanisms, in which we assume a concerted proton-electron transfer. Exploring the entire potential energy landscape including pathways where proton and electron transfers occur in separate steps, 96 is beyond the scope of the present study.
Prior to the activity analysis, we first determine the stable surface termination. This is paramount because the reaction path and the reaction overpotential might change with the surface termination, which is a function of potential. We calculate surface terminations at U = 5 eV, which corresponds approximately to average U values reported in the literature for La-perovskites. [97] [98] [99] For the unit cell size used in this work, there are four surface oxygen atoms. We find that even at OER conditions (1.70 V vs RHE), most of the surfaces are partially reduced and terminated with hydroxyl groups (cf. Note 1 in the Electronic
Supplementary Information (ESI)). It should be noted that we determine the surface termination for U = 5 eV and  = 0.25 and then assume it to be the same for other U and  values, respectively.
We distinguish among four different reaction mechanisms, two of those are taking place on a single site and two involve two adjacent sites. In the first mechanism, oxygen evolution takes place through a series of oxidation steps beginning with the first hydroxyl discharge to the surface (step 1). In the next step, the surface OH is deprotonated to the * O intermediate. The subsequent proton desorption is downhill in free energy at U = 1.70 V, since pertinent LaFeO3 and LaMnO3 surfaces are * H-free at that potential.
The second pathway involves lattice oxygen. 91 The reaction starts with the same steps 1 and 2, then the O2 desorbs from the surface leaving a surface oxygen vacancy.
This step is not potential dependent, but might enter into the reaction rate through the pre-exponential factor. Moreover, if the desorption barrier is prohibitively high then the reaction will be inhibited regardless of the potential. O2 desorption is followed by step 6 and 7 after which the initial surface is restored: In the third reaction mechanism, steps 1 and 2 are followed by steps 8 and 9 before two surface oxygen atoms recombine to make O2(g). * O2 desorbs from the surface through step (5) and the * Ovac is removed through steps 6 and 7 to complete the thermodynamical cycle. The probability of this reaction pathway is very low due to a large distance between two adjacent B sites on which OH adsorbs. 100 Therefore, we decided to exclude this pathway from further analysis. In Note 2 in the ESI, we list free energy values for steps 1 to 10. We find that either step 1 or step 2 is the potential determining step (PDS) on all the catalysts studied herein. As the first, second and third reaction mechanism share the same steps 1 and 2, the reaction overpotential associated with the 2 nd and 3 rd pathways cannot be lower than the overpotential from the 1 st pathway.
This suggests that the three reaction mechanisms might run in parallel. Nonetheless, the 2 nd ,
i.e. lattice oxygen pathway can be excluded for all the catalysts but LaCoO3 because the kinetic barrier in step 5 is exceedingly high (above 1 eV). Also, the PDS (step 8 or 9) in the 3 rd reaction mechanism is usually higher than step 1 or step 2, suggesting that the reaction proceeds via the first reaction mechanism on a single site. The oxygen evolution cycle for the 1 st reaction mechanism is illustrated in Figure 4 . The changes in the reaction overpotential as a function of U in DFT + U and as a function of  in HSE calculations are shown in Figure 5 . The overpotential is inferred by subtracting the equilibrium potential for oxygen evolution (1.23 V) from the potential corresponding to the step with the highest free energy barrier, i.e the largest ΔG1-4 in Table 3 . As seen in Figure 5 there is a large difference in the reaction overpotential with both U and , which can be assigned to changes in the B cation valence during electrochemical reaction. The reaction overpotentials for LaCoO3 in Figure 5a and 5b have different values at U = 0 eV and  = 0, respectively because of the different terminations, that is, the number of hydroxyl species on the surface (cf. Note 1 in the ESI). It should further be noted that LaCoO3 is modelled with Co 3+ in the LS state. The Co 3+ (IS) prevailing at room temperature would likely give different reaction energetics, however, given the large U-dependence, it is not possible to compare the results for the two spin states. We make a comparative analysis by listing the adsorption energies of different reaction intermediates on LaCrO3, LaMnO3 and LaNiO3 in Table 3 . Consequently, we arrive at the same conclusion as in the case of the formation energies:
HSE calculations do not seem to improve sufficiently the DFT+U results for the OER overpotentials to justify the excess computational cost.
Obtaining an accurate estimate of the reaction overpotential is difficult because 1) there are 4 different electrochemical steps involved in the OER, whereas U (or ) are inferred by fitting to a single reaction; 2) oxidation states of surface B cations do not always change as expected; they are both dependent on the nature of the cation and oxygen intermediate (cf. To put these results into a broader perspective, the changes in the formation energies and reaction overpotentials reported herein are not solely restricted to this particular class of materials, but may likely be pervasive throughout the class of strongly correlated oxides, where standard DFT approaches do not provide a satisfactory description of the electronic structure. We are currently pursuing two avenues to remedy this problem, i.e. a computationally low-cost approach in which reaction energetics can be made U-independent with the help of thermochemical tables and secondly, to apply a higher-level method, viz.,
Møller-Plesset second order perturbation (MP2) theory using a computationally affordable linear combination of atomic orbitals (LCAO) basis set to describe the wavefunctions. 
Electronic conductivity
A major challenge associated with GGA-level DFT calculations is a considerable underestimation of the band gap due to the self-interaction correction. 78 The problem can to some extend be resolved by applying the on-site U Coulomb correction, which opens the band gap. Once the gap is opened and material becomes a semiconductor, a further increase in U will only widen the band-gap. Thus, increasing U above the critical value at which the gap opens up can only have a quantitative effect on the conductivity. Exceptions are polaron states, because their position is quite sensitive to the width of the gap. 102 For the systems studied herein, we find a small change in the electronic structure at U = 3 and 5 eV, even for systems with polarons. We do not observe large qualitative changes in the electronic structure for pure La-perovskites when HSE is used (cf. Note 3 in the ESI). Therefore in the following we draw conclusions about electron conductivity on the basis of DOS plots inferred using a U value of 5 eV in DFT + U calculations.
Here, we explore doping as an effective means to improve the electronic conductivity. In We set the U-value to 5 eV which is approximately an average U value reported for these compounds. 41 We infer the conductivity type by carefully examining the DOS, especially regarding the position of the Fermi level with respect to the valence and conduction band edges, and magnetic moments of host and dopant metal cations. The following discussion is based mainly on Notes 3 and 4 in the ESI, wherein we plot DOS and tabulate magnetic moments of host and dopant elements for the investigated subset of doped La perovskites.
As DFT calculations are performed at temperatures close to absolute zero, the conductivity map in Figure 7 holds only at that particular condition. Figure 7 , H is the dominant conduction type that corresponds to the p-type doping and most times occurs when a host metal is replaced by an element with a lower valence. There are two different kinds of holes depending on the position of the metal 3d and O 2p states. In the case of alkaline-earth doped LaFeO3 (cf. 
Conclusions
In summary, we have investigated the performance of the selected pure and doped perovskite oxides for the OER using two commonly employed computational approaches, DFT+U and HSE. We arrive at following conclusions:
1. The U-parameter in DFT+U and the -parameter in HSE calculations have huge effects on the calculated heats of formation in cases where the B cation valence is different in the perovskite and the reference oxide from which it is calculated. We find that crystal structures with faceshared octahedra are the most stable catalysts and those with negative charge transfer energy are the least stable catalysts.
2. During a full oxidation cycle, the surface metal B cation changes its oxidation state depending on reaction intermediate and B cation type. We find a large influence on the choice of U and -values on the calculated adsorption energies and reaction overpotentials derived from these. This finding makes it challenging to rate and compare activities across a broad range of different perovskite oxide electrocatalysts.
3. HSE calculations cannot be used as benchmarks for evaluating the stability and activity of perovskite oxides, since the results are as sensitive on the choice of  as they are on the choice of U. In fact, we see little benefit in using HSE-level calculations for studying multi-step electrochemical reactions on complex oxides, which does not seem to warrant the excess computational cost.
4. The electronic conductivity is found to be less sensitive to the specific choice of U or . 
